Coliform colonies from children whose stools were submitted for microbiologic analysis were studied prospectively to determine the frequency of shedding of enteropathogenic Escherichia coli (EPEC). In total, 2225 isolates from 445 patients were probed with eaeA (encoding intimin) and the EAF (EPEC adherence factor) probe, and adherence and actin-aggregating phenotypes were determined. Twenty-five patients (5.6%) shed non-O157:H7 [4] . Recently, however, identification of EPEC-specific phenotypes expanded our understanding of the role of these phenotypes allows the detection of organisms containing these determinants by using nucleic acid hybridizations. Despite the organisms in human diarrhea. First, the ''attaching and effacing lesion,'' consisting of microvilli destruction and accumulation availability of appropriate probes and our emerging knowledge of EPEC phenotypes, the frequency with which EPEC are presof actin at the sites of intimate attachment of bacteria to the mucosa, was described as the cardinal lesion induced in animals ent in children with diarrhea in the United States remains undetermined. Therefore, we conducted a 1-year prospective study by EPEC [5] . Intimate mucosal adherence of EPEC is also observed in infected humans [6, 7] . Second, epidemiologic to test the hypothesis that E. coli containing eaeA or EAF (or both) and expressing virulence phenotypes typical of EPEC studies correlated the localized adherence pattern of EPEC attachment to epithelial cells with diarrhea in the patients from are present in stools submitted for bacterial culture to the microbiology laboratory of a Seattle pediatric hospital and to deterwhom the strains originated [8 -11]. Third, the fluorescent actin stain (FAS) test permitted the rapid detection of actin aggregamine the genetic relatedness and serotypes of any such organisms isolated. tion (the in vitro correlate of the attaching and effacing lesion) in epithelial cells at the site of EPEC adherence [12].
Enteropathogenic Escherichia coli (EPEC) have been postuwhich mediates actin aggregation) [14] ; eaeB, encoding a protein that mediates signal transduction in epithelial cells [15] ; lated since the 1940s to be virulent for humans [1 -3] , but their nontoxigenic phenotype hampered acceptance of their pathogeand bfpA, encoding the bundle-forming pilus [16, 17] . The cloning of EPEC genetic loci associated with pathogenic nicity [4] . Recently, however, identification of EPEC-specific phenotypes expanded our understanding of the role of these phenotypes allows the detection of organisms containing these determinants by using nucleic acid hybridizations. Despite the organisms in human diarrhea. First, the ''attaching and effacing lesion,'' consisting of microvilli destruction and accumulation availability of appropriate probes and our emerging knowledge of EPEC phenotypes, the frequency with which EPEC are presof actin at the sites of intimate attachment of bacteria to the mucosa, was described as the cardinal lesion induced in animals ent in children with diarrhea in the United States remains undetermined. Therefore, we conducted a 1-year prospective study by EPEC [5] . Intimate mucosal adherence of EPEC is also observed in infected humans [6, 7] . Second, epidemiologic to test the hypothesis that E. coli containing eaeA or EAF (or both) and expressing virulence phenotypes typical of EPEC studies correlated the localized adherence pattern of EPEC attachment to epithelial cells with diarrhea in the patients from are present in stools submitted for bacterial culture to the microbiology laboratory of a Seattle pediatric hospital and to deterwhom the strains originated [8 -11] . Third, the fluorescent actin stain (FAS) test permitted the rapid detection of actin aggregamine the genetic relatedness and serotypes of any such organisms isolated. tion (the in vitro correlate of the attaching and effacing lesion) in epithelial cells at the site of EPEC adherence [12] .
Identification of genetic determinants of EPEC phenotypes Materials and Methods has also facilitated investigations into the molecular basis of Population studied. Patients whose stools were submitted for EPEC pathogenicity. These determinants include the EPEC bacterial culture to Children's Hospital and Medical Center beadherence factor (EAF) plasmid [13] ; eaeA, encoding intimin, tween 15 January 1991 and 10 January 1992 were included in this study if at least 5 lactose-fermenting coliform colonies were present on the MacConkey's agar plate and the MacConkey's plate was available for processing on a weekday. Each specimen was JID 1997;175 (June) EPEC in Seattle key's agar plate of each stool culture and frozen in Luria Bertani 24 for eaeA and stx2 [25] . E. coli HB101 [20] was the negative control. (LB) broth [18] with 15% glycerol at 080ЊC until analysis. An isolate was confirmed to be E. coli if it was oxidase-negative, Adherence assay. HeLa cells grown at 37ЊC in 5% CO 2 in MEM with 10% heat-inactivated fetal calf serum (FCS), L-glutaproduced indole, and was unable to use citrate as a sole source of carbon. Each isolate with homology to one or more probes was mine (2 mM), penicillin (100 IU/mL), and streptomycin (100 mg/ mL) in plastic culture flasks were used to assess adherence of tested for the ability to ferment sorbitol following overnight incubation using sorbitol-MacConkey's agar plates. O and H serotypes organisms to epithelial cells [25] . The cells were trypsinized, added to glass chamber slides 2 days before the assay, and reincubated. were determined by microtiter agglutination using 173 standard World Health Organization O antisera, 16 OX (experimental) antiOn the day of the assay, HeLa cells at Ç80% confluence were washed with sterile PBS and covered with 0.6 mL of incubation sera, and 56 H antisera. Briefly, bacteria were cultured overnight on veal infusion yeast extract agar, suspended in formal-saline (6 medium (MEM, 5% FCS, 2 mM L-glutamine, nonessential amino acids, and 0.5% D-mannose). Bacteria (20 mL) grown overnight mL of formaldehyde/L of normal saline), heated at 100ЊC for 2 h, and then tested for somatic antigen expression in 96-well microtiter with agitation at 37ЊC in LB broth were then added to the HeLa cells, and bacteria and cells were incubated at 37ЊC in 5% CO 2 trays using monovalent antisera. Agglutinating bacteria were tested further in microtitration assays to confirm the O serotype. Nonreacfor 3 h (for nontoxigenic organisms and the negative control) or 1 h (for STEC and the positive control). They were then washed tive organisms were reheated at 121ЊC for 1 h and retested; agglutination reactions were confirmed by titration. Each isolate was also three times with sterile PBS, covered with 0.6 mL of incubation medium, and incubated again for 3 h. Nonadherent bacteria were propagated in motility media for at least 7 days. Motile isolates were cultured for 18 h in veal infusion yeast extract broth, diluted removed by washing 10 times with PBS at the end of the assay. The cells were then fixed by adding 100% methanol to each chamwith formal saline, and analyzed by microtiter agglutination. Agglutinating bacteria were confirmed by microtitration against speber for 5 min. Fixed cells and adherent bacteria were stained with Giemsa cific antisera to determine the H antigens.
Selected isolates were also characterized by their reactions in stain for 1 h, mounted, and examined. The positive control in all experiments consisted of EPEC B171 [24] , which displays localthe API 20 E test (bioMérieux Vitek, Hazelwood, MO) and their susceptibility to amoxicillin-clavulanic acid, ampicillin, cefazolin, ized adherence. Nonadherent laboratory strain E. coli HB101 [18] was used as a negative control. The examiner did not know the ceftazidime, ceftriaxone, cefuroxime, chloramphenicol, gentamicin, ticarcillin, tobramycin, and trimethoprim-sulfamethoxazole [19] .
identity of the isolates and controls. Actin aggregation. The ability of adherent bacteria to induce Probes. All colonies isolated were probed separately with DNA fragments specific for eaeA, the EAF plasmid, and a mix of actin aggregation was determined by FAS [12] . At the conclusion of the adherence assay, cells were fixed with 2% formalin in PBS stx1 and stx2, which encode Shiga toxins 1 and 2. These fragments consisted of the 1-kb SalI-StuI fragment of pCVD434 [14] , the 1-for 20 min, permeabilized with 0.1% Triton X-100 in PBS for 7.5 min, and stained in the dark with fluorescein isothiocyanatekb BamHI-SalI fragment of pMAR2 [13], the 1.1-kb TaqI-HincII fragment of pJN37-19 [20] , and the 0.8-kb SmaI-PstI fragment of conjugated phalloidin (Sigma, St. Louis; 5 mg/mL in PBS) for 30 min. Phalloidin was removed by washing with PBS. The stained pNN111-19 [20] , respectively. Colonies demonstrating homology to eaeA or EAF were probed with the bfpA probe, consisting of cells were mounted (fluorescent mounting medium or Glycergel; Dako, Carpinteria, CA) and examined using fluorescent microsthe 0.85-kb EcoRI fragment of pMSD207, which became available after the initial screening of the bacteria [21] . All enzymes were copy by a reader unaware of which chambers contained the patient isolates and the controls. EPEC B171 was the positive control and purchased from Promega (Madison, WI).
Colony hybridization. Stored coliform isolates were cultured E. coli HB101 was the negative control. Multilocus enzyme electrophoresis. All isolates were characon LB agar. Resulting colonies were transferred to 541 paper (Whatman International, Maidstone, UK), steam-denatured, and terized for allelic variation at 20 enzyme-encoding loci by multilocus enzyme electrophoresis [26, 27] . Electromorphs were equated neutralized [22] . Probes were radiolabeled using random hexanucleotide primers, the Klenow fragment of E. coli DNA polymerwith alleles at the corresponding gene locus, so that all bacteria were characterized by their multilocus genotypes (allele combinaase I, and [ 32 P]dCTP (NEN Research Products, Boston) [23] . Filters were prehybridized for 10 min at 37ЊC in 51 standard saline tions) for the enzyme-encoding loci assayed [26] . Distinctive multilocus genotypes were designated electrophoretic types (ETs), citrate (SSC), 0.1% SDS, 50% formamide, 1 mM EDTA, and 100 mg/mL denatured calf thymus DNA before the addition of heatwhich were numbered by their inferred relationships from a cluster analysis. denatured labeled probe (10 5 dpm of each label/filter). After overnight incubation at 37ЊC, the filters were washed once in 21 SSC Medical records. The indications for stool culture were determined by review of the hospital records or interviews of the reand 0.1% SDS at room temperature for 5 min, once in 21 SSC and 0.1% SDS at 65ЊC for 30 min, and once in 0.51 SSC and questing physician for each patient whose stool contained colonies with homology to one or more of the probes. Diarrhea was consid-0.1% SDS at 65ЊC for 30 min; then they were exposed to x-ray film overnight at 080ЊC in the presence of intensifying screens. ered acute if it was of õ2 weeks' duration when the culture was requested and chronic if it had lasted for §2 weeks. Associated To further characterize Shiga toxin-producing E. coli (STEC), colonies with homology to the mix of stx probes were hybridized symptoms (fever, vomiting, grossly bloody diarrhea) noted by the physician at the time of initial evaluation and the age of each separately with stx1 and stx2 under more stringent conditions to differentiate between these two alleles [20] . Positive controls conpatient were also recorded.
Statistics. Mean ages of children in each group were compared sisted of EPEC strain B171 (E. coli O111:NM) for eaeA and bfpA [24] , E. coli O26:H11 for eaeA and stx1, and E. coli O157:H7 86-using the t test [27] . figure 1D . 445 study patients. Random coliform colonies from 34 patients
Genetic diversity and clonal relationships of isolates. Of (7.6%) contained DNA homologous to eaeA. The colonies dethe 20 enzymes studied in each isolate, 17 (85%) were polytected by the eaeA probe from 9 patients were E. coli O157:H7 morphic (3.8 alleles/locus, on average). The multilocus arrays (4 additional patients were infected with E. coli O157:H7 that defined 27 distinct ETs and serotypes (figure 2, Genetic relationships among clones. We identified 6 major isolates studied were sorbitol fermenters.
groups of ETs (designated clone complexes A -F) among the Coisolated pathogens. Three group 1 patients were in-27 ETs that clustered mainly at genetic distances between 0.30 fected with C. jejuni, and 1 was infected with E. coli O157:H7. and 0.35 (figure 2). Complex A was the most diverse, with a E. coli O157:H7 from patient 206 were detected only on the clustering distance of 0.58, and was highly divergent from the sorbitol -MacConkey's agar plate, whereas the more numerous other E. coli clusters. eaeA / organisms occurred in all of the sorbitol-fermenting eaeA / E. coli O26:HN were detected by major complexes; EAF / bacteria also occurred in four diverhybridization analysis of the 5 randomly selected colonies. gent lineages. The 5 E. coli with stx genes (group 2) were Symptoms prompting stool culture and patient ages. Indicalimited to clone complexes D and E. tions for stool culture included acute and chronic nonbloody
Comparison with diarrheogenic E. coli (DEC) clones. Of diarrhea, acute bloody diarrhea, and chronic gastrointestinal the 27 ETs displayed by bacteria described here, 4 ETs were blood loss. The medical records also indicated that 6 patients indistinguishable from the allele profiles of specific DEC clones were febrile, and 5 patients experienced vomiting. Group 3 that together account for ú70% of organisms examined among patients (mean age, 9.5 months) were significantly younger isolates of five serogroups associated with EPEC and STEC than patients in group 1 or 2 (mean ages, 28.2 and 67.6 months, infections [28] . ETs 7, 12, 13, and 18 were identical to DEC respectively; P Å .005 and .04, respectively). The difference clones 5, 8, 9, and 13, respectively. in the mean ages of the children in groups 1 and 2 was not
The patients whose isolates were in clone complexes D and statistically significant (P Å .1).
E had common clinical features: 5 of 6 cluster D patients had Fecal leukocytes. Stools were submitted as cup specimens acute diarrhea and 3 of 4 cluster E patients had chronic diarrhea. from 27 (93%) of the 29 patients. The 3 stools in which fecal Otherwise, there was no association between allele profiles of leukocytes were detected also contained STEC.
isolates and the syndromes in the patients from whom the E. coli identified by probing in this study. Nonetheless, when that prompted the stool culture in the patients from whom C. jejuni was also recovered. None of the patients excreting C. present, EPEC (with localized adherence to epithelial cells and induction of actin aggregation in the cells to which they adhere) jejuni had bloody diarrhea, unlike the situation in most symptomatic North American Campylobacter infections [30] , a comusually constituted the predominant fecal coliform flora, suggesting that such organisms are quite possibly pathogens in parison that raises questions about the significance of the isolation of C. jejuni from these patients. Seattle children. Furthermore, many isolates displayed ETs identical to those of classic diarrheogenic EPEC [28] .
EAF 0 E. coli displaying localized adherence, a phenotype of most of the group 1 and 2 bacteria, have been described [11, Of interest, C. jejuni or E. coli O157:H7 was also identified in the stools of 4 group 1 patients. C. jejuni can be shed without 31]. Furthermore, EPEC E2348/69 cured of the EAF plasmid retains some ability to cause diarrhea in adult volunteers [32] . symptoms [29] , and we do not know if the C. jejuni or the simultaneously recovered eaeA / E. coli caused the symptoms It is likely that these organisms possess colonization mechanisms / 9d2a$$ju12 04-23-97 20:25:02 jinfa UC: J Infect separate from the bundle-forming pilus. The pathogenic potential 0.39. Therefore, E. coli LEE (and eaeA) may have been acquired from a species other than E. coli via an unknown mobile of the nonadherent EAF / bacteria remains speculative. Only 10 group 1 and 2 patients shed organisms expressing genetic element. This study and our previous analysis [28] indicate that EPEC ''classical'' EPEC O antigens (O groups 26, 44, 55, 86, 111, 114, 119, 125, 127, 128, 142 , and 158) [32] . This is consistent and pathogenic STEC represent diverse collections of distinct clonal lineages that can be organized into 6 major clusters with other reports that serology neither sensitively nor specifically identifies EPEC [33, 34] .
characterized by similar multilocus enzyme arrays. Cluster A includes classical EPEC serotypes O55:H6 and O127:H6 Genetic analysis strongly supports the hypothesis that EPEC belong to a limited number of clones [28, 35] , so that similari-(E2348/69) [32] , which typically possess eaeA and the EAF plasmid. This cluster is the most divergent EPEC group. Pathoties among independent isolates, such as O:H serotype, biotype, and major outer membrane protein patterns, result from recent genic STEC fall into cluster B, which includes E. coli O157:H7 (STEC 1 in figure 2 ), as well as nontoxigenic E. coli O55:H7, descent from a common ancestral cell [36, 37] . However, EPEC are not all closely related and they do not represent a single and cluster D, which comprises a second complex of pathogenic STEC strains (labeled STEC 2 in figure 2) within clonally related E. coli [44] , this is, to our knowledge, argue that these organisms are not closely related, unless the loci responsible for the expression of the O25 antigen and the first report of E. coli belonging to same ET, but expressing discordant serotypes, being recovered simultaneously from 1 ornithine decarboxylase and resistance to ampicillin, amoxicillin -clavulanic acid, and cefazolin, are linked on the same geperson. The common eaeA sequences and identical ET and flagellar antigen suggest that the isolates of discordant O antinetic element, and this element has been lost from the E. coli O128:H2 strain. gens share a common progenitor, raising the possibility of serotype conversion, a process noted in Vibrio cholerae [45, Our data suggest that eaeA (which encodes a critical EPEC virulence factor), and not the EAF probe (which comprises 46], Shigella flexneri [47] , and Salmonella enterica serovar borreze [48] . However, the different API scores and antibiotic sequences of undetermined importance), should be used to detect putative EPEC. In our study, EAF / isolates were nonadhersusceptibilities of the E. coli O25:H2 and O128:H2 isolates
